We present flexible common source and cascode amplifiers fabricated on a free-standing plastic foil, using amorphousIndium-Gallium-Zinc-Oxide (a-IGZO) TFTs with minimum channel lengths of 2.5 µm. Amplifiers are operated at a supply voltage V DD of 5 V, and exhibit maximum cutoff frequencies f C of 1.2 MHz. The circuits stay fully operational while bent to a tensile radius of 5 mm, and after 1000 cycles of repeated bending and re-flattening. To our knowledge, these are the fastest flexible oxide semiconductor based amplifiers.
Introduction
TFTs based on oxide semiconductors, especially amorphousIndium-Gallium-Zinc-Oxide (a-IGZO) (1) are promising devices for electronics fabricated on flexible, but temperature sensitive plastic substrates, since they combine an electron mobility >10 cm 2 /Vs and the possibility of low temperature deposition. This enables the fabrication of fast and bendable analog circuits, opening the way to new electronic applications, such as flexible radios and RFID tags. To date, the highest operation frequency of oxide semiconductor-based flexible (but unstrained) circuits is 2 MHz, which was demonstrated for a 15-stage ZnO ring oscillator fabricated on polyimide laminated to glass (2) . For flexible analog circuits, the best cutoff frequency f C reported, to our knowledge, is 10 kHz, which was demonstrated for a strained transimpedance amplifier (3) .
Fabrication
Flexible n-type a-IGZO TFTs have been fabricated on a freestanding 50 μm-thick polyimide foil using a bottom-gate, passivated, inverted staggered TFT geometry. ALD deposited Al 2 O 3 (thickness: 25 nm, dielectric constant: 9.5) served as gate oxide. Room temperature deposition of 15 nm thick a-IGZO was done in a RF magnetron sputtering process, using a pure Ar atmosphere and a ceramic InGaZnO 4 target. Fig. 1 shows the fabrication process flow and the device crosssection. The maximum process temperature was 150°C. The manufacturing process was optimized concerning: device performance, low temperature fabrication, thicknesses of brittle materials, and adhesion between different material layers aiming at long term reliability and bendability. The TFTs have been designed with Ground-Signal-Ground contact pads (pitch size: 150 µm), required for S-parameter measurements. For high operation frequency and transconductance, a channel length of 2.5 µm was chosen for all driver transistors presented in this paper. A total overlap of 8 µm between the gate and the source/drain contacts was selected to compensate for the temperature induced expansion of the flexible substrate during the fabrication process, and enable the alignment of different material layers using standard UV lithography. A micrograph of a fully processed flexible TFT is given in Fig. 2 .
TFT characteristic
The I DS -V DS and I DS -V GS characteristics (Fig. 3 ) of a flexible a-IGZO TFT with a W/L ratio of 50 µm/2.5 µm (measured while the substrate was flat) exhibited a field effect mobility µ FE of 14.5 cm (Fig. 4) shows a gate to source/drain overlap capacitance of ≈1.31 pF (negative bias voltage) and a total gate capacitance (V GS =3 V) of 3.52 pF.
The bendability of the flexible a-IGZO TFTs was investigated by winding the substrate around a rod with 5 mm radius, which induced a tensile strain ε of ≈0.52% (4) parallel to the TFT channel. The bent substrate was then contacted using standard probe tips. The resulting I DS -V DS and I DS -V GS characteristics for the same TFT as under flat conditions are also plotted in Fig. 3 . Due to bending, a 70 mV higher V TH and a 0.2 cm 2 /Vs higher µ FE were measured, causing a slightly reduced g m (V GS =3 V) of 204 µS. This is a result of the under tensile strain decreased resistivity of a-IGZO (increase of I DS at V GS <≈0.5 V) (5), and the under tensile strain increased resistance of the metallic interconnection lines (decrease of I DS at V GS >≈0.5 V), which becomes dominant for sufficiently small channel resistances at V GS ≈0.5 V. The gate capacitance C G of the bent TFT is also shown in Fig. 4 . According to the under strain increased a-IGZO conductivity and the stretched gate area, bending increases C G by ≈0.5% to a value of ≈3.55 pF (V GS =3 V).
The TFT AC behavior was characterized with a two-port network analyzer. Fig. 5 shows the measured S-parameters for a flexible a-IGZO TFT, while flat and bent to a tensile radius of 5 mm. S-parameters were used to calculate the current-gain . Port 1 and port 2 of the network analyzer were connected to the gate and drain contact, respectively (source contact is connected to ground). The measurement shows that the AC behavior is nearly unaffected by bending. h 21 (6) of the flat and bent TFT (Fig. 6) . No significant variation in the AC behavior has been observed due to bending. For the flat and bent TFT, a transit frequency f T of 10.7 MHz has been measured. This is in line with the value estimated from g m and C G ; the expected strain induced decrease of f T by ≈2% is comprised within the observed measurement uncertainty.
Circuits
Simulations based on S-parameter measurements of single TFTs were used to design a common source and a cascode amplifier, both with an active TFT load. Schematic circuit diagrams and micrographs of the fabricated flexible a-IGZO amplifiers are shown in Fig. 7 . Circuit interconnect lines were integrated into the top metallization layer. Both amplifiers are designed to work at a V DD of 5 V. AC analysis was performed with an input signal peak-to-peak amplitude v AC of 100 mV, and a total output load of R L =1 MΩ and C L <2 pF. The common source amplifier biased at an input voltage V DC of 1.5 V, exhibited a gain G of 6.8 dB, a f C 8a), and a power consumption of 690 µW. I lower power consumption, the cascode ampli at V DC =1.25 V, and at a cascode TFT bias 2.75 V. Here, a gain of 7.8 dB, an f C of 840 k a power consumption of 395 µW were m operating frequencies at the cost of consumptions can be achieved by choosin points.
Similar to single TFTs, the impact of mechan flexible amplifiers was evaluated by bending tensile radius of 5 mm parallel to all TFT circuits; a bent and contacted circuit is s (Fig. 8b) , and measured. Higher f higher power ng different bias nical strain on the g the circuits to a T channels in the shown in Fig. 9 . The resulting Bode plots for the c flattened are shown in Fig. 10 . Ma strain nearly invariant transconduc different TFTs in the circuits and measured variations for G and f C amplifiers) are less than 4%, and 6% and less than 7% and 6% for the ca to radii <5 mm causes cracks in the a-IGZO layer stack) and permanently
To emulate realistic application scen influence of multiple bending, the characterized before and after 1000 c of Fig. 11 ). After 1000 bending cycles, common source and cascode amplifiers stayed fully operational (Fig. 11) .
Future TFTs with self-aligned source and drain contacts (7) will have channel lengths and gate overlaps ≤1 µm, thus enabling f T >100 MHz, and further improving the circuit performance without a loss of flexibility.
Conclusion
Mechanically flexible common source and cascode amplifier circuits based on a-IGZO TFTs were fabricated on a freestanding plastic foil using a-IGZO TFTs with minimal channel lengths of 2.5 µm. The circuits were supplied with V DD =5 V. The amplifiers stayed fully operational while bent to a radius of 5 mm, and after 1000 cycles of repeated bending and reflattening, showing cutoff frequencies up to 1.2 MHz and gains of ≈7 dB. These results enable new electronic applications, like flexible AM-radios, ultra-sound devices, and LF-RFID tags.
